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ABSTRACT

2535

L series of experiments using electrons from 1 Mev to 4O Mev were performed
tc measure the energy dependence of electron radiation damage in p on n and n on
p silicon and gallium arsenide solar cells. The experimental results indicate
that: (a) 1 ohm-cm p on n silicon and gallium arsenide solar cells respond
according to predicted energy dependence relationships based on simple displace-
ment theory and (b) 1 ohm-cm and 10 ohm-cm n on p silicon solar cells depart
from the simple theoretical predictions by exhibiting a much greater sensitivity
to incident electron energy. The details of the mechanism responsible for the

departure of p-type silicon from simple displacement theory are not clear at this
time. HAuTHsk
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I. INTRODUCTION

The degradation under 1 Mev electron bombardment of the electrical
characteristics of silicon sclar cells in the conversion of light energy to
electrical power has been extensively studiedl’e. Because of the importance
of electrons in the energy range from 1 to 10 Mev in the artificial radiation
belt, an initial experiment3 was conducted in February of 1963 to compare the
observed electron energy dependence with energy dependence relationships based
on simple displacement theory and classical Rutherford scattering. This experi-
ment, conducted at the General Atomic linear electron accelerator facilities
in San Diego, indicated that although p on n silicon solar cells agreed with the
theoretical predictions, n on p silicon solar cells exhibited a much higher energy
dependence than predicted. To determine the significance of the steeper energy
dependence of n on p cells, the two observed energy dependences were integrated
with the fission electron energy spectrum and normalized to equivalent 1 Mev
electrons. The result of this calculation was that the degradation rate of n on
p silicon solar cells under fission electron energy spectrum bombardment would
be approximately a factor of three faster than predicted by the theoretical energy

dependence.

Because of the importance of the more radiation resistant n on p cells in
the construction of satellite solar cell power supplies, a second series of experi-
ments were performedfin March, 1963 at the General Atomic linear electron acceler-
ator facilities. The objectives of this second experiment were to obtain more
accurate quantitative data on the energy dependence of electron radiation damage
and to expand the scope of the results in both type of device and energy range.

The purpose of this report is the presentation of the electron radiation damage
data on photovoltaic devices and the dependence on electron energy from these

later experiments.

IT. DESCRIPTION OF EXPERIMENTS

The primary objective was the acquisition of gquantitative experimental
data on the energy dependence of electron radiation damage in silicon and gallium
arsenide solar cells. Since a previous experiment3 had shown that abnormal

responses vere exhibited by n on p silicon solar cells, a good deal of effort
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was expended to insure guantitative accuracy of both dosimetry and solar cell
measurements. The remainder of this section is devoted to detailed descriptions
of the test specimens themselves, the measurements performed on the test speci-
mens, the dosimetry measurements of beam energy, intensity, and distribution, and

the general experimental techniques of the experiment.

Solar Cell Specimens

The test specimens consisted of both silicon and gallium arsenide solar
cells and additional silicon slabs for energy level determinations through
Hall measurements. The solar cells consisted of commercially available Hoffman
1 ohm-cm p on n silicon solar cells, Western Electric 1 ohm-cm n on p silicon
solar cells, Hoffman 10 ohm-cm n cn p silicon solar cells, and RCA p on n gallium
arsenide scolar cells. These particular solar cells were chosen because of the
large amount of data existing cn these types, their established quality and
reproducibility, and their representation of state-of-the-art devices currently
available. The cells chosen for this experiment were preselected through
short circuit current, diffusion length, and spectral response measurements
and were, therefore, as closely matched and representative of their type as

possible.

The Hall specimens consisted of both p and n-type silicon with resisti-
vities of 1 and 100 ohm-cm. The Hall specimens were precut to the conventional

six-arm cross configuration for post-irradiation measurements of the Hall effect.

Solar Cell Measurements

The measurements performed cn the test solar cells at the linac site
consisted of I-V characteristics under the STL light table using 28000K unfiltered
tungsten illumination. The illumination level was maintained at the same setting
used in all previous experiments, i.e., 110 mw/cm2 nominal sunlight equivalent.
These I-V characteristics were used to obtain post-irradiation minority carrier
diffusion length values under approximately one sun conditions. This diffusion
length measurement technigue, described in detail in a previous reporth, con-
sists of relating the observed short circuit current to a minority carrier

diffusion length through an empirical relationship previously established under
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1 Mev electron bombardment. All these measurements were obtained on each speci-
men before and after each successive irradiation. Additional diffusion length
and short circuit current data were obtained after returning to STL to establish
calibrations, short term annealing characteristics, and linearity of diffusion
jength with injection level. These data were utilized to establish K values

and %c values for determination of the energy dependences of the damage rates.

Dosimetry

In order to obtain as accurate dosimetry as possible, particular attention
was given to measurements of beam energy, distribution, and intensity. The
electron beam energy was determined by General Atomic personnel with a calibrated
steering magnet. This magnet had been previously calibrated through a series
of range energy relationships to within : 2 per cent. Magnet current was supplied
by a regulated power supply insuring a constant magnetic field through the steering
magnet. One of the primary causes of electron beam energy shift was inherent
drift of the three linac Klystrons. Under the conditions of low beam current
required for these experiments, considerable Klystron drift was observed during
several series of experiments. The geometry of the accelerator and the parti-
cular beam port utilized in these experiments was such that several bends in the
beam were required to bring the beam out of the experiment port. Since each of
these bends requires an individual steering magnet, any appreciable drift or
change in beam energy would result in camplete loss of the beam at the port where
the experimental apparatus was located. Consideration of all these factors, i.e.,
accuracy of beam energy determinations, Klystron drift, and accelerator geometry,
results in a net estimated accuracy of beam energy measurements of p 2 per cent
at each experiment energy value. Additional corrections were applied for energy
loss of the beam in traversing the exit port window and air before impinging

upon the test specimens.

Beam spreading was accomplished with several quadripole defocusing magnets
and air scattering to produce a large beam spot. Polaroid film was used to
determine the beam position and distribution over the beam spot area and to posi-
tion the experimental targets. The quadripole magnets were driven with regulated
supplies and found to be quite stable. Due to the small diameter of the accelerator
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drift tubes, however, a practical limit of the beam spot that could be produced
before the beam struck the inside walls of the drift tubes was found. To
obtain further defocusing, the experimentel apparatus was located away from the
beam port to take advantage of small angle air scattering for further improve-
ment in beam size and distribution. The particular distance between the experi-
mental apparatus and the beam exit port window was determined by the energy of
the experiment. Polaroid film was used to obtain beam profiles and to position
the experimental apparatus with respect to the center line of the electron beam.
In all of the experiments, the total beam area exceeded 10 cm? and usually

was of the order of 15 e, Only the center L cn® of the total beam was used

for sample irradiation insuring a uniform distribution across the test specimens.

Total beam current was monitored with a Faraday cup of conventional
design. An inner, or sensing, chamber constructed of copper of sufficient thick-
ness to stop 50 Mev electrons was mounted in a larger evacuated chamber which
was pumped and trapped to a pressure of less than 1 micron. The bottom, or tar-
get area, of the Faraday cup contained an aluminum plate to reduce the back
scattered electron component to a minimum. In addition, a copper back scatter
shield was utilized to reduce the solid angle through which back scattered
electrons could leave the chamber through the entrance aperture. Additional
back scatter control was exercised through the application of grid bias directly
above the entrance aperture to the inner sensing chamber. Application of grid
voltage from -400 to +400 volts indicated that the back scattered component had
been reduced to less than 5 per cent and, further, that the forward scattering
from the 5 mil eluminum vacuum window of the Faraday cup was less than 2 per
cent. A conservative estimate of the accuracy of the Faradasy cup considering
these factors is an accuracy of better than : 10 per cent with a more probable
realistic_accuracy of M 5 per cent. Subsequent comparisons of beam current with
apparatus utilized by General Atomic personnel were in agreement to within
5 ver cent. The output of the Faraday cup was fed directly to an integrating
amplifier which measured both current and integrated charge to an accuracy of
1 pef cent. This particular instrument is specifically designed to accept
Faraday cup inputs and contains an input impedance of essentially zero ohms
utilizing operational amplifiers.
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Experimental Techniques

The test specimens were mounted two at a time con aluminum plates. ZEach
plate contained two identical types of cells. These plates were placed cne at
a time in a jig directly in front of the Faraday cup and integrated flux measure-
ments were obtained simultanecusly with the irradiation of the test specimens.
Each group of two specimens was exposed to a predetermined integrated flux and
removed for post-irradiation measurements. Following these measurements,
additional irradiations were performed followed by further post-irradiation
measurements on the same specimens. When a sufficient number of irradiations
had been performed to define a straight line function of the degradation of
short circuit current with the logarithm of the integrated flux, the specé¢imens
were removed and stored for later post-irradiation measurements at STL. Since
a minimum of three different types of cells were tested at each energy, the
irradiations were performed in an alternating sequence to remove any effect
of machine and, hence, radiation environment shift on the experimental results.
In addition, since each individual group of two specimens was always placed in
exactly the same position in the beam, any nonuniformity or shift in electron
flux distribution would produce a constant and, hence, observable difference.
Since no gystematic difference in experimental results due to position of the

cells occurred, the beam uniformity was demonstrated.

Beam alignment and distribution were continuously checked throughout
each series of experiments at a given energy with Polaroid film. In addition,
beam energy measurements were performed utilizing the calibrated steering
magnet before and after each series of runs and the deviation of beam energy
from start to finish of a series of experiments was acquired. If the beam
energy shift from start to finish of an experiment on a particular group of cells
was found to be excessive, i.e., greater than 3 per cent, a second group of
specimens was exposed in a repeat of the series of experiments at that energy
to insure maximum accuracy in the determination of the energy dependence of the

degradation rates.
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ITI. EXPERIMENTAL RESULTS

Separate linac experiments were conducted at seven energies: 3.0 Mev,
5.2 Mev, 7.9 Mev. 8.5 Mev. 18.5 Mev, 21.2 Mev, and 40 Mev. Included with these
data in the experimental results are additional 1 Mev data acquired using the
STL Van de Graaff. One olm-cm p on n and 10 ohm-cm n on p silicon solar cells
were irradiated at all of these energies. Additional data were acquired on
1l ohm-cm n on p silicon and p on n gallium arsenide solar cells at 1.0 Mev,
3.0 Mev, 7.9 Mev, and 40 Mev. The resulting energy dependence of the electron
damage characteristic was determined by utilizing both K values and reciprocal
critical fluxes. The K values were obtained from diffusion lengths measured
with the Van de Graaff and with the calibrated light source. The reciprocal
flux determinations were acquired from short circuit current degradation charac-

teristics.

The observed degradation in I-V characteristics as a function of inte-
grated flux for all of these specimens utilized in this experiment was consistent
with previously reported data. These I-V characteristics were obtained with
2800°K unfiltered tungsten illumination at a sunlight equivalent intensity of
110 mw/cm2 for a nominal 100 micron cell. Short circuit current densities were
taken from these I-V characteristics and plotted as a function of integrated
flux to determine the damsge characteristics. These short circuit current degra-
dation curves are shown in Figures 1 through 7 for each energy at which meaningful
data were obtained. All of these data are shown as short circuit current density
plots with the exception of the gallium arsenide data for which the absolute
short circuit current for a 1 x 2 cm2 cell is plotted directly for convenience
in maintaining scale factors. Linear slopes of 6-1/L ma/cmg-decade are fit to
each group of data points. Critical fluxes are determined by observing the
flux required to produce 19 ma/cm2 on the 6-1/4 ma/cme-decade slope. This cri-
tical flux is consistent with the critical fluxes described in all of our ppgvious

reports.

A short circuit current density of 19 ma/cm2 is equivalent to 25 per
2
cent degradation in short circuit current under 110 mw/cm” tungsten illumination
for a nominal silicon solar cell having an initial minority carrier diffusion

length of 100 microns. Since current state-of-the-art devices have longer
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diffusion lengths than observed several years ago when this standard was estab-
lished, current initial short circuit currents are somewhat higher and the per
cent of degradation at 19 ma/cm2 is usually greater than 25 per cent. However,
in order to compare current data with earlier data it is necessary to maintain
this level of irradiation damage as a critical fAux determination since the
resulting minority carrier diffusion lengths in the two cases would then be
equal. Gallium arsenide cells, however, exhibit a different characteristic
slope because of their difference in optical absorpticn characteristics. The
degradation slope for gallium arsenide solar cells is observed to lie between
L5 and 50 per cent degredation in short circuit current per decade of inte-
grated flux for either tungsten or sun illumination. Hence, comparison with
silicon cells is difficult since the curves will eventuzally cross one another
although the gallium arsenide cells are initially more radiation resistant. In
order to maintain consistency in determining the energy devendence, however,
critical fluxes were assigned at 25 per cent degradation for the gallium arsenide

solar cells also.

Examination of the short circuit current degradation data in Figures 1
thrcugh 7 illustrates that in most cases the data are in good agreement with
the expected degradation slope of 6-l/h ma/cm2 per decade. On several occasions,
however, the date do not accurately fit this slope. This deviation from expected
slope in these isclated cases is due primarily to shifting accelerator charac-
teristics resulting in corresponding shifts in beam energy and distribution, and
hence deviations from the calibrated relationship between integrated flux and
monitored Faraday cup current. Since the data were continuously plotted during
the course of the experiment, these deviations from normal responses were
immediately observed and machine operating characteristic checks such as measure-
ment of beam energy and Polaroid film pictures of beam position were initiated.
In all cases of apparent nonlinear response, these performance checks indicated
significant machine drift in operating characteristic. At this time the acceler-
ator was retuned to obtain the initial beam characteristics for the experiment
before further irradiations were performed. Several portions of the resulting
data, therefore, were omitted in the repeated experiments. However, when the
deviations were slight in the early stages of accelerator drift, the data are
included in en effort to obtain the best possible statistical energy dependence

characteristic.
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The energy dependence vwas determined using both reciprocal fluxes and
K values. The reciprocal fluxes taken from Figures 1 through T are plotted
as a function of energy in Figure 8. The 1.C Mev electron damage characteristics
shown in Figure 8 were taken from a previous reportl. Reciprocal critical
fluxes are chosen as the dependent variable since this parameter is proportional
to the defect density introduction rate in a manner similar to K values. Examina-
tion of Figure 8 clearly illustrates that the energy dependence data describe
a smooth curve, with the exception of a few points. The theoretically predicted
energy dependence based on Coulomb scattering and simple displacement theory,
as outlined in Seitz and Koehler5, is shown in Figure 8 as solid lines for
comparison with the experimental data shown as dashed lines. The results of the
3

experiment indicate agreement with the previous experiment” in that p on n sili-
con solar cells exhibit an energy dependence in qualitative agreement with theory,
whereas both 1 ohm-cm and 10 ohm-cm n on p silicon solar cells depart radically
from theory. It is additionally observed that gallium arsenide solar cells
respond in qualitative agreement with the theoretically predicted energy
dependence although the theory is nct directly applicable as presented here to
gallium arsenide. In any event, gallium arsenide solar cells do not exhibit

a steep energy dependence as do the n on p silicon solar cells.

The departure of the n on p solar cells from theory is gquite pronounced.
Based on extrapolaticn of the theoretical predictions from 1 Mev, the damage
rate at 10 Mev for n on p silicon solar cells is approximately a factor of 10
higher than the prediction. The importance of this effect will be discussed in

greater detail in a following section.

In addition to the energy dependence determined on the basis of recipro-
cal critical fluxes, measurement of minority carrier diffusion length af both
high and low injection levels provides K values which are plotted as a function
of energy as shown in Figure 9. The trends shown in Figure 9 are identical
with those shown in Figure 8 with only a slight relative displacement of the
10 ohm-cm n on p cells due to their somewhat higher surface efficiency. The
gallium arsenide solar cells are not shown in this figure since diffusion length
meesurements were not obtained on these specimens. Measurements of diffusion
length on silicon solar cells at low injection levels with the Van de Graaff

accelerator and at high injection levels using the calibrated light source
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yield the same diffusion lengths. Additional measurements were performed to
insure that injection level dependence of minority carrier diffusion length
was not present in this range in contrast to those data previously reported

for proton bombarded silicon sclar cells,

The Hall specimens that wvere irradiated in this experiment were sub-
sequently measured after return to the STL facilities. These data, since
not directly pertinent to the energy dependence, are not reported here but
are included in an earlier report covering a series of energy level studies

under electron and proton bombardment .

Iv. SUMMARY AND CONCLUSIONS

The primary objective of this experiment was to confirm quantitatively
results obtained in an earlier experiment indicating departure of n on p silicon
solar cells from theory in their damage dependence on electron energy. The
results presented in the previous section have quantitatively established this
relationship. N on p silicon solar cells exhibit a much greater dependence of
damage rate on electron energy than predicted by theoretical relationships.

P on n silicon solar cells and gallium arsenide solar cells exhibit an energy
dependence in gualitative agreement with theoretical relationships. The
departure of n on p silicon solar cells from the theoretical relationships is
approximately an crder of magnitude at 10 Mev based on theoretical extrapola-
tion of 1 Mev experimental data. In other words, n on p silicon solar cells
are an order of magnitude more sensitive to 10 Mev electrons relative to 1 Mev

electrons than p cn n silicon solar cells or gallium arsenide solar cells.

The practical importance of this effect lies in the integration of
these energy dependence relationships with the fission beta energy spectrum of
the artificial electron radiation belt. The result of the folding of the n on
p silicon solar cell energy dependence with the artificial belts energy spectrum
is an increase in the predicted damage rate of a factor of three over that
predicted on the basis of the energy dependence characteristic of p on n silicon
solar cells. This fact reduces by a facter of three the radiation resistance
of n on p cells relative tc p on n cells considered for spacecraft applications

requiring orbit through the artificial radiation belt.
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The reasons for the departure cf p-type silicon from simple displacement
theory in its response to electron radiation are not clear at this time. Since
both p-type and n-type silicon are chemically extremely pure silicon, the initial
radiation induced interaction is the displacement of silicon atoms from their
lattice sites in both cases. The observed peculiar response of p-type silicon
under electron bombardment, therefore, must be associated with complex inter-
actions of these defects with other impurities or with each other in a manner
not governed by the same energy dependent relationships ascribed to the produc-

tion of the initial defects.

One particular type of defect which has been hypothesized by many workers
in this field and which may be responsible for the interactions observed here
is the divacancy. The theoretical relationships governing the energy dependence
of the production rate of divacancies have not been formulated. In any event,
considerable research remains to be performed on these phencmena before a com-

plete understanding of the effect can be obtained.
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